Absorption and transmission spectra of broadband terahertz pulses are measured to probe the intersubband response of an optically excited quantum-well heterostructure. While the terahertz absorption shows the single peak of the resonant intersubband transition, the transmission spectra display strong Fano signatures due to the phase sensitive superposition of ponderomotive and terahertz currents as predicted by our microscopic theory. DOI: 10.1103/PhysRevLett.102.127403 PACS numbers: 78.67.De, 42.25.Bs, 73.21.Fg Terahertz (THz) experiments on optically excited or doped semiconductors provide unique opportunities to analyze and manipulate low-energy excitations or quasiparticle states, like intersubband transitions between quantum confined states [1] [2] [3] [4] [5] , excitons, or plasmons, and monitor their dynamical evolution [6] [7] [8] [9] [10] . With sufficiently strong THz pulses, one can even reach the regime of ''extreme nonlinear optics'' leading to effects such as Rabi flopping [5, 11, 12] , ac-Stark splitting [13] , or the dynamical Franz-Keldysh effect [14, 15] . The microscopic analysis of these experiments shows that the THz wave propagating through the semiconductor is determined by the combined response of the so-called ponderomotive current and the true THz transitions. Here, the ponderomotive contribution refers to the charge current generated by the classical field that causes a wiggling motion of the carriers according to the acceleration theorem @ _ k ¼ ÀeE THz [16, 17] . This part of the light-matter interaction, often thought to be relevant only at high intensities [15] , produces the simple response ð!Þ ¼ À ! 2 PL ! 2 with the plasma frequency ! PL . Because of the factor ! À2 , the ponderomotive contribution can usually be neglected in the analysis of interband optical excitation; however, it is of relevance in the THz regime even at the lowest intensities. Thus, the THz response of an excited semiconductor is influenced by ponderomotive effects plus the true THz transitions. When both contributions are of equal strength, one expects a strong interplay. In the experiments reported in Refs. [12, 18] the evidences for the role of the ponderomotive current are rather indirect. Their influence could only be seen by virtue of a theoretical switch-off analysis.
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To clearly expose the interplay of ponderomotive and true THz response, one needs an experimental method that makes it possible to observe both effects directly. In this Letter, we study the intersubband transition of photoexcited semiconductor quantum wells using linear THz spectroscopy. Monitoring the transmission of a broadband THz pulse, we directly observe signatures of the ponderomotive motion of the excited carriers. We show that interference of ponderomotive and resonant contributions produces a characteristic Fano-like line shape in the differential transmission spectrum.
Asymmetric Fano line shapes are known to result from quantum interference of discrete energy levels coupled to a nearby continuum [19] and have been observed in semiconductor heterostructures under various conditions [20] [21] [22] [23] . Whereas the relevant continuum in typical Fano configurations is an integral part of the probed quantum object, in our system an effective continuum is provided by the light-matter interaction through the ponderomotive contribution.
Figure 1(a) shows the basic concept of our experiment where spectrally broadband THz pulses probe the sample's intersubband transition after resonant photoexcitation. The THz pulses are generated in a 55 m thin z-cut GaSe crystal by phase-matched difference frequency mixing [24] within the broad spectrum of 12 fs optical pulses, delivered by a 78 MHz Ti:sapphire oscillator (Femtolasers: Femtosource Scientific sPro). The THz beam is focused by off-axis parabolic mirrors on the multi-quantum-well (MQW) sample, with the THz field having a strong component perpendicular to the MQW plane to couple effectively to the intersubband transition [25] . For THz-fieldresolved detection, phase-matched electro-optic sampling [26, 27] is applied. To this end, a weak component of the 12 fs laser beam goes through a delay stage and samples the THz-field induced polarization change in a second 30 m thin z-cut GaSe crystal as a function of the time delay between THz pulse and sampling pulse [ Fig. 1(c) ].
The sample studied consists of 60 periods of 8.2-nmthick undoped GaAs quantum wells, separated by 19.6-nmthick barriers of Al 0:34 Ga 0:66 As. The sample was prepared
week ending 27 MARCH 2009 in a 38-degree wedged-waveguide geometry, as shown in Fig. 1(a) . To ensure optimized overlap between MQW region and THz standing wave [25] , an additional Al 0:34 Ga 0:66 As spacer layer of 300 nm thickness was grown on top of the sample. The experiments are performed at a temperature of 6 K.
The photoexcitation scheme is illustrated in Fig. 1(b ). An optical interband pump pulse excites the MQW resonantly at the 1s heavy-hole exciton and creates carriers in the first conduction band. We choose either spectrally narrow 2.5 ps or broadband 100 fs optical excitation centered at @! opt ¼ 1:56 eV. Both lasers are 78 MHz Ti: sapphire oscillators (Spectra Physics: Tsunami), locked to the repetition rate of the THz generating laser. In each case, only the first conduction subband of the MQW is populated. After a time delay of 25 ps during which the optically induced interband coherences disappear, the weak broadband THz-pulse probes the c1-to-c2 intersubband transition. In all the experiments, the photoexcited carrier density is 2 Â 10 10 cm À2 per quantum well. A two-lock-in technique is employed to measure the transmitted THz transients with and without excitation. The visible pump and THz probe beams are chopped simultaneously at different frequencies around 2 kHz. The first lock-in amplifier locks on the modulation of the optical pump beam. Since the THz beam is also chopped at the same time, twice the signal obtained by the first lock-in amplifier yields the differential transmission ÁEðtÞ, i.e., the pump-induced change in the transmitted THz field. The second lock-in amplifier detects the mean value between transmission with and without photoexcitation, leading PRL
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decay constant for both ps and fs excitation, whereas a decay of 240 fs is observed for the reference E ref ðtÞ [see Fig. 1(c) ]. This reveals the dephasing of the reradiated THz-induced intersubband polarization [2, 3, 28] . Second and more interesting, one observes a clear beating compared to the reference E ref ðtÞ, superimposed on the dephasing and being more pronounced for fs photoexcitation.
We first address the ps excitation to analyze the origin of the observed beating. Figure 2(c) shows the spectral amplitude of the measured differential THz transmission jÁEð!Þj after optical excitation at the 1s position of the heavy-hole exciton resonance. We see that the spectrum consists of two major contributions: (i) a sharp resonance peak at the transition frequency of the conduction subbands 1;2 ¼ 27:3 THz and (ii) a broad contribution centered at roughly 20 THz, being responsible for the beating in the time domain. These features remind us of a typical Fano spectrum, i.e., an undershoot at the low-frequency side of the peak followed by an asymmetric line shape.
When the system is excited with a 100 fs pulse, the broad contribution and the Fano signatures are more pronounced than in the ps case [ Fig. 2(e) ]. To check whether the broad feature in the differential transmission is caused by an additional carrier transition besides the intersubband resonance, we measure the THz absorption. Figure 2(f) shows that the absorption is single peaked; i.e., only the intersubband resonance appears and no Fano-like signature is observed.
In order to explain the experimental findings, we compute the THz transmission of a quantum well positioned at z ¼ 0 (where z is the growth direction of the quantum well). The THz response follows from the wave equation where n b is the background refractive index, c is the speed of light, and 0 is the permeability of free space. The delta function arises due to the fact that the quantum-well width is much smaller than the wavelength of the THz field. The induced current density appearing as source term on the right-hand side of Eq. (1) consists of two terms: J THz is the current due to the intersubband transitions and J A describes the ponderomotive motion of the excited carriers due to the THz field. Solving Eq. (1), one finds that the differential transmission, i.e., the field that is reemitted by the current density, is directly proportional to the induced current [29] :
The ponderomotive contribution to the current density is given by J A ¼ À P e 2 n m A THz [30] where n is the carrier density in band and m is the effective mass. The vector potential A THz of the THz pulse is defined via E THz ¼ À The intersubband polarization p l;l 0 ;k in J THz is computed microscopically with an equation-of-motion approach. Since we are interested only in the c1-to-c2 transition, we can restrict the sum to ¼ c and l, l 0 2 f1; 2g. In analogy to the semiconductor Bloch equations [31] , one finds for the time evolution of the intersubband polarization
where" c l;k are the renormalized single-particle energies, f In our numerical evaluations, we compute the singleparticle energies of the quantum-well system using standard k Á p perturbation theory. For the THz response, we include the first two conduction subbands and the first heavy-hole and light-hole subband [ Fig. 1(b) ]. As input for the time-dependent fields, we use the experimental THz-pulse shapes of the reference pulse.
The theoretical results are superimposed to the experimental results in Fig. 2 . The (red) solid line in Figs. 2(c) and 2(e) represents the absolute value of the computed current density, i.e., the differential transmission for the ps (c) and fs excitation (e). Figure 2(d) separates the two contributions J A (dotted line) and J THz (blue dashed line) to the total current for the case of ps excitation. The solid line in Fig. 2(f) shows the computed absorption spectrum.
In all cases, an excellent experiment-theory agreement is obtained.
As in the measurement, we clearly notice the double peaked Fano-like feature in the transmission spectra, whereas the absorption is only single peaked. In our theory, the origin of the Fano-like feature can be investigated looking at the individual contributions separately. J A directly reflects the vector potential of the THz probe pulse while J THz consists of the intersubband resonance weighted with the pulse spectrum. The broad feature in the transmission spectrum is a direct consequence of the broad probe pulse. The Fano-like line shape is caused by the phase sensitive superposition of the broad ponderomotive and the sharp intersubband contribution, jJ tot j ¼ jJ A þ J THz j. A further analysis reveals that for frequencies smaller than 1;2 , both contributions partially compensate each other while they interfere constructively for larger frequencies. As for typical Fano situations, this kind of superposition leads to narrowing of the resonance at the low-frequency side and a broadening at the high-frequency side, resulting in the characteristic asymmetric Fano line shape. Since the ponderomotive current leads to a realvalued susceptibility, there is no Fano-like behavior in the THz absorption [ Fig. 2(f) ].
In order to explain the more pronounced ponderomotive feature in the fs experiment, we had to extend our model beyond the single-quantum-well response. Since the fs pump pulse is spectrally significantly broader than the line width of the 1s exciton resonance (18.2 meV vs 3.3 meV), some frequency components are transmitted through the quantum wells and excite carriers in the substrate. These carriers contribute to J A but not to J THz , since there are no subbands in bulk material. A quantitative investigation of the interband optical excitation shows that 46% of the pump pulse is transmitted through the quantum wells and absorbed by the substrate. Hence, the total carrier density (in the wells plus substrate) is 1.85 times larger than the density in the quantum wells alone. Since J A is proportional to the carrier density, we can model the substrate contribution to the THz response simply by enhancing J A relative to J THz by 1.85. The resulting current density is shown as the red solid line in Fig. 2(e) . In the ps experiment, substrate excitations can be neglected since only 1.4% of the pump pulse reaches the substrate.
In summary, we have shown how the emission by the ponderomotive motion of the excited carriers can directly be identified in the linear THz response. Using a microscopic theory for the THz response, the observed Fano-like features in the transmission spectrum can unambiguously be attributed to the phase sensitive superposition of the intersubband resonance and the ponderomotive carrier dynamics. Our results are connected to the typical Fano situation because the system has a sharp discrete intersubband resonance that interferes with a broad continuous contribution, i.e., the ponderomotive current density. However, one of the contributions in our case is nonabsorptive such that we do not observe the Fano resonance in the absorption spectrum but in the differential transmission spectrum only.
